Vacuolated spherical kafirin microparticles mean diameter 5 µm, can be formed from an acidic solution with water addition. Three dimensional scaffolds for hard tissue repair require large structures with a high degree of interconnected porosity. Cross-linking the formed kafirin microparticles using wet heat or glutaraldehyde treatment resulted in larger structures (approx. 20 µm), which whilst similar in size and external morphology, were apparently formed by further assisted-assembly by two significantly different mechanisms. Heat treatment, which increased vacuole size, involved kafirin polymerization by disulfide bonding with the microparticles being formed from round, coalesced nanostructures, as shown by AFM. Kafirin polymerization of glutaraldehyde treated microparticles was not by disulfide bonding and the nanostructures, as revealed by AFM, were spindle shaped. Both treatments enhanced BMP-2 binding to the microparticles, probably due to their increased size. Thus, these modified kafirin microparticles have potential as natural, non-animal protein bio-active scaffolds.
INTRODUCTION
Cereal prolamin proteins, such as zein and kafirin, can be formed into nano-and microparticles (1, 2) . These particles have potential applications as delivery systems for drugs (1) , nutraceuticals (3, 4) , antimicrobials (5) , essential oils (6) , as biomaterials in tissue engineering as scaffolds (7), and as biomedical coatings for arterial/vascular prostheses (8) . Zein and kafirin are natural, plant based, non-allergenic, slowly biodegradable and have some advantages over animal based biomaterials such as silk and collagen, especially for biomedical applications. Collagen and silk have poor wet strength and bovine collagen has potential immunogenicity and has been reported to transmit diseases such as bovine spongiform encephalopathy (as reviewed by 9).
Wang and Padua et al. (10) recently described a possible nano-scale mechanism for the selfassembly of various zein mesostructures. The self-assembly of these zein structures appears to be driven by the amphiphilic nature of the protein and occurred when changes were made to the polarity of an aqueous ethanol solution of zein by evaporation. An earlier paper by the same workers indicated that, at larger scale, zein microspheres self-assembled by layering onto a central core (11) . They suggested radial growth occurred by hydrophobic interactions as the solvent became more hydrophilic due to the evaporation of the ethanol.
Kafirin is very similar to zein in amino acid composition but is more hydrophobic, or more strictly speaking less hydrophilic (12) and so can be considered amphiphilic in nature. Kafirin microparticles can be made by a process that is almost opposite to that used by Wang and Padua et al. (10, 11) . Instead of dissolving the protein in aqueous ethanol and increasing the polarity of the solution by evaporation of the ethanol, the kafirin is dissolved in a primary solvent, glacial acetic acid, water is then added resulting in the formation of kafirin microparticles (2) . In both cases there is a change in solvent polarity, causing microparticle formation as described by Wang and Padua (10, 11) for zein.
Comparison of the structure of zein and kafirin microparticles show that the kafirin microparticles are generally larger (1-10 microns), (2) than zein microparticles (ranges from 0.3-1.7 microns), (1) when made by similar processes. Kafirin microparticles have a rough surface and internal vacuoles resulting in a large surface area, whereas, zein microparticles are generally smooth and solid (6) .
The vacuoles in the kafirin microparticles are thought to be the foot print of air bubbles incorporated in the very viscous protein solution which become entrapped within the microparticles as they form (2).
Although there is considerable interest in nano-sized particles, some potential biomaterial applications, particularly for three dimensional scaffold type structures for hard tissue repair, require large particles with a high degree of interconnected porosity (13) . An example would be an injectable dental implant, particle size range of 80 µm to 200 µm (14) .
Cross-linking by physical (15) , chemical (16) and enzymic (15) methods have been applied to water soluble protein nano and microparticles, such as whey protein (15) and gelatin (16) , to increase water resistance and reduce swelling. However, there has been little research on cross-linking of prolamin protein microparticles, probably because the proteins are relatively hydrophobic (12) .
Various methods of cross-linking kafirin microparticles have been investigated to improve the water resistance of bioplastic films made from them (17) . Cross-linking has also been investigated to improve the tensile properties of cast kafirin films (18) and cast zein films (19) . Also, zein fibers 4 have been cross-linked to improve their mechanical properties (20) , water stability (21), and cytocompatibility (22) .
The main objectives of this research were to determine whether cross-linking can increase the size of kafirin microparticles to improve their potential utility as biomaterial scaffolds and to attempt to understand the underlying mechanism involved.
Bone morphogenetic proteins (BMPs) induce the formation of both cartilage and bone and also play a role in a number of non-osteogenic developmental processes such as in neural induction (23) .
BMP-2 is a potent osteogenic growth factor that has been approved for clinical use (24).
Mammalian collagen, the commonly used carrier for BMPs (24) may potentially induce immune response through cross-reactivity with human cells and also has a risk of disease transmission (25) .
Therefore, there is a need for delivery systems that are phylogenetically far from human tissue.
Thus, an additional objective of this study was to determine whether kafirin microparticles could bind to BMP-2 and thus have the potential as a carrier scaffold for BMPs for tissue repair.
MATERIALS AND METHODS

Materials.
Kafirin was extracted from a mixture of grain of two similar white, tan-plant non-tannin sorghum cultivars PANNAR PEX 202 and 606, as described (17) . The protein was defatted and freeze-dried. The protein content (N × 6.25, dry matter basis) determined by Dumas nitrogen combustion method (26) .
Kafirin microparticles were prepared essentially according to Taylor et al. (2) 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
Suspensions of kafirin microparticles were prepared for SEM and TEM according Taylor et al. (2) SEM preparations were viewed using a Jeol JSM-840 Scanning Electron Microscope (Tokyo, Japan). TEM preparations were viewed with a Jeol JEM-2100F Field Emission Electron Microscope (Tokyo, Japan).
Atomic force microscopy (AFM).
Freeze-dried kafirin microparticles were embedded on the surface of aluminum stubs using double-sided tape. Then the microparticles were viewed with a Veeco Icon Dimension Atomic Force Microscope (Bruker, Cambridge, UK) using tapping in air mode. A 8 nm silicon tip on nitride lever cantilever was used.
Microparticle size was determined by comparing their images with that of a scale bar of the same magnification. At least 100 microparticles were measured of duplicate samples of each treatment.
In vitro protein digestibility (IVPD) was performed on freeze-dried kafirin microparticles using a microscale pepsin digestion protocol (27) modified from Hamaker et al. (28) . P7000-100G pepsin (Sigma, Johannesburg, South Africa), activity 863 units/mg protein, was used.
Fourier transform infrared (FTIR) spectroscopy was performed as described by Taylor et al. (2).
Freeze-dried microparticles were scanned using a Vertex 70v FT-IR spectrometer (Bruker Optik, Ettlingen, Germany), using 64 scans, 8 cm -1 band and an interval of 1 cm in the Attenuated Total Reflectance (ATR) mode. The FTIR spectra were Fourier-deconvoluted with a resolution enhancement factor of 2 and 12 cm -1 bandwidth.
Kafirin microparticles as a potential delivery system for BMP-2. Control, heat (75°C) and glutaraldehyde (20%) treated kafirin microparticles were used for the BMP binding study. The carrier medium for kafirin microparticles was exchanged from 0.9 M acetic acid to 20 mM acetic acid by centrifuging the microparticle suspension at 3150 g for 20 min, decanting off the supernatants and re-suspending the microparticles in 20 mM acetic acid, re-centrifuging and then replacing the supernatant with fresh 20 mM acetic acid. This process was repeated three times.
The volume of 20 mM acetic acid was adjusted to give a solid content of at least 6% (w/w).
Binding BMP-2 with kafirin microparticles. Kafirin microparticle suspensions containing 100 mg protein or 100 mg porcine collagen standard (Altis Biologics, Pretoria, South Africa) were weighed into 5 mL cryovials, 0.5 mL 1000 ppm Tween ® 20 was added and vortex-mixed. Porcine BMP complex (Altis Biologics) (1.5 mL) was added to kafirin microparticles or collagen standard and vortex-mixed to give a BMP complex to carrier protein ratio of ≈1:100 in 4.5 mL 20 mM acetic
acid. An initial 50 µL sample was drawn from unbound sample and transferred into microwells of a microplate (Greiner Bio-One, Frickenhausen, Germany) to account for time 0 from each treatment.
The cryovials were placed on a rocking platform (50 rpm 
RESULTS AND DISCUSSION
Heat and glutaraldehyde treatments during microparticle preparation. Kafirin microparticles prepared at ambient temperature (22°C) were spherical, between 1 and 10 µm in diameter, with pores (vacuoles) between 0.5 and 2 µm ( Figure 1A , B ), as described previously Taylor et al. (2) .
The majority of the microparticles were between 1 and 5 µm. The heat-and glutaraldehyde-formed particles were only slightly larger, with the glutaraldehyde-formed microparticles being fairly uniform in size ( Figure 1E, F) , whereas-the heat formed microparticles were less homogeneous ( Figure 1C, D) . In terms of appearance, the heat-and glutaraldehyde-formed microparticles differed from the untreated control in that they had smooth surfaces and fewer internal vacuoles.
Since the aim of the study was to substantially increase the size of the microparticles, the approach of crosslinking after microparticle formation was investigated. with increase in temperature up to 75°C (Figure 2C, F) . The oval shape of the larger heat-treated microparticles was probably due to the rate of particle coalescence being inversely proportional to particle size, as proposed by (29), who studied the effect of coalescence energy release on the temporal shape evolution of nanoparticles.
Heat
SDS-PAGE under non-reducing conditions, of the wet heat treated kafirin microparticles showed no change in band pattern compared with the control until the severity of the treatment was at 96°C
( Figure 3A) . The band pattern under non-reducing conditions of the control, and treatments at 50°a nd 75°C, all show a similar band pattern that is typical of kafirin as described by El Nour et al. The wet heat treatment resulted in an up to 39% reduction in the IVPD of the kafirin microparticles ( Table 1) . The reduction in IVPD with wet heat treatment is a characteristic of kafirin proteins (34) . Reduction in kafirin IVPD has been associated with disulfide bonded polymerization and a reduction in proportion α-helical conformation at the amide I band (32), as also observed in this study.
AFM indicated that the microparticles had a surface characterized by a rough morphology (marked X) ( Figure 4A-C) . Figure 4A illustrates the surface of a single control microparticle. More detailed 11 study showed that the surface was composed of nanosized protuberances. Figure 4B shows the surface of a single heat treated microparticle. In this case, more detailed study showed that nanosized protuberances of irregular shape and size (from 50 nm to 300 nm) were responsible for the final surface topography. As viewed by SEM (Figure 2 A-C) the morphology is most likely due to non-linear random aggregation of the structural units (polypeptides). Similar nanostructure aggregation has been reported with zein film drop deposited onto silica (35) and zein nanoparticles precipitated from aqueous ethanol (36) . Formation of non-linear aggregate microstructures with heat treatment is a generic property of polypeptides (37) .
The variation in size of nanosized protuberances viewed by AFM is probably dependent on how homogenous the particles were in the sites viewed. The aggregated nanosized protuberances viewed from rough areas (R, Figure 4A -C) had larger diameter compared to those from flat areas (F, Figure 4A-C) . This was probably as result of the broadening phenomenon, where the side of the AFM probe is involved in imaging (38) . The broadening effect is due to tip-sample convolution, which results when radius of curvature of the tip is similar to, or greater than, the size of the feature that is imaged (38) .
Glutaraldehyde treatment following microparticle preparation. As with increasing severity of wet heat treatment, the average microparticle size increased with severity of the glutaraldehyde treatment, from 1-5 µm the control (Figure 2A, D) to >20 µm with 30% glutaraldehyde (Figure 2I,   L) . The relative proportion of microparticles of size >20 µm was also increased, up to about 45% with 30% glutaraldehyde (Figure 2I, L) . Glutaraldehyde treatment also resulted in particles that were of more elongated oval shape than heat treated microparticles. Unlike heat treatment, the size of the vacuoles in the microparticles did not change with glutaraldehyde treatment (Figure 2J-L) . This is presumably because there was no heating involved with the glutaraldehyde treatments there was no possibility of expansion of entrapped air.
With SDS-PAGE under non-reducing conditions, increasing severity of glutaraldehyde treatment of the microparticles resulted in a progressive reduction of monomer (16-27 kDa), dimer (44-53 kDa), trimer (78-93 kDa) and oligomer (>117 kDa) ( Figure 3B ). This is indicative of an increase in kafirin cross-linking with increase in glutaraldehyde concentration, resulting in a reduction in the proportion of kafirin that could enter into the separating gel. Under reducing conditions, the intensity of the kafirin monomer bands was much higher in the control than with the glutaraldehyde treatments. This indicates that the glutaraldehyde cross-linked the kafirin in such a way that breaking of the intermolecular disulfide bonds did not depolymerize it. Thus, the major cause of kafirin cross-linking with glutaraldehyde was not disulfide bonding.
Despite the cross-linking by glutaraldehyde treatment, FTIR indicated that it caused only a small reduction in the relative proportion of α-helical conformation (7-9%) ( Table 1) . Although crosslinking protein with glutaraldehyde at neutral pH involves the free amino groups of the proteins and carbonyl groups of the aldehyde, (39), at acid pH when the amino groups of lysine and proline are protonated, it has been suggested that the reaction may also involve the -OH groups of hydroxyproline and hydroxylysine leading to the formation of hemiacetals (40) . This may help explain the observed small change in protein secondary structure, along with the fact that N-H bending contributes only less than 20% to Amide I band (41) . The present findings are consistent with a report on soy protein hydrogels, which showed little alteration in protein secondary structure with glutaraldehyde treatment, despite a large effect on gel physical appearance and functional properties (42).
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Also, despite the glutaraldehyde treatment causing kafirin cross-linking, it did not significantly affect kafirin microparticle IVPD ( Table 1) . This is consistent with the lack of change in protein secondary structure and is probably a result of an increase in protein free volume caused by the glutaraldehyde cross-linking. It has been suggested that polymeric forms of glutaraldehyde are involved in the cross-linking with protein (43) . These glutaraldehyde polymers may create long methylene bridges between peptides (40). Hence, the protein polymer chains may be kept far apart in glutaraldehyde-protein complex, thereby allowing easier accessibility of pepsin enzyme to hydrolyze internal peptide bonds.
AFM also indicated a different cross-linking mechanism for the glutaraldehyde treatment. With the glutaraldehyde treatment, the nanostructures were spindle-shaped with a unidirectional orientation, in contrast to the random irregular shapes seen with heat treatment (Figure 4C) . The spindle shaped, aggregated nanostructures were ≈100-350 nm long and ≈20-100 nm wide (Figure 4Ci ). In order to increase the functionality as a hard tissue scaffold, the ability to bind bioactive compounds would be advantageous. BMP-2 was chosen as a model bioactive for further work. However, in this study it was found that irrespective of treatment, after 1440 min of binding the BMP-2 binding capacity of kafirin microparticles was somewhat higher than that of collagen. The BMP-2 binding capacity of the control, heat-treated and glutaraldehyde-treated kafirin microparticles were up to 7%, 18% and 22% higher than collagen respectively. When compared to the kafirin control, the BMP-2 binding capacity was 10% higher for the heat treatment and 14% for the glutaraldehyde treatment. The slightly higher binding capacity of the kafirin mcroparticles to BMP-2 than collagen may be due to the larger surface area of the vacuolated kafirin microparticles.
The image in
The interaction between BMP-2 and collagen involves electrostatic attraction (47) . So in addition, there may have been a stronger interaction between kafirin, pI 6 (49) and BMP-2, pI 9 (48) than 15 collagen with a higher pI of 7.8 (50) . As kafirin is a relatively hydrophobic protein (12) , this may enhance its ability to bind BMP. BMP-2 has been shown to have a strong affinity for hydrophobic surfaces and is believed to be hydrophobic due to hydrophobic pockets formed by BMP-2 monomer residues (51).
The slightly higher BMP binding capacity of treated kafirin microparticles when compared to control kafirin microparticles was probably due to the larger particle size and oval shape of the treated microparticles. Ruhé et al. (45) working with poly(DL-lactic-co-glycolic acid) (PLGA)
microparticles reported an increase in BMP-2 entrapment efficiency with increase in particle size.
Kafirin microparticle further assisted-assembly. This study shows that modification of kafirin microparticles with wet heat or glutaraldehyde treatment result in two structures that while similar in size and external morphology, are formed by significantly different mechanisms. It is also apparent that in both cases that the larger kafirin microparticle structures had undergone some form of further assisted-assembly during the treatments and were not just formed as a result of 'gluing' the original microparticles together. The 'gluing together' of microparticles was observed when sorghum condensed tannins were encapsulated using kafirin microparticles (4). Further, with both the heat and glutaraldehyde treatments, there was kafirin cross-linking and although the treatments only resulted in a small changes in secondary structure from α-helical to β-sheet as shown by FTIR, there was a considerable proportion of β-sheet present, 59.4% and 54.9% for the most rigorous heat treatment and glutaraldehyde treatment, respectively ( Table 1) . A large proportion of β-sheet presence is considered indicative of protein aggregation (52) and the universal energetic minimum for aggregated protein (reviewed by 53). Zein can form into aggregates as globules (54), fibrils (55) , and spherical micro-and nano-particles (11) depending on the conditions of formation, all of which have a large proportion of β-sheet structure.
Wang and Padua (11) working with zein in 70% ethanol showed at low mass fraction zein formed spheres. With increasing zein concentration, they noted various different geometries formed by connecting, melting or deformation of spheres. They concluded that spheres were the basis of all other microforms. In this study, the heat-treated microparticles appeared to be formed by coalescence of spherical nanoparticles, in agreement with Wang and Padua (11) . Further work by
Wang and Padua (10) shows that at a nanoscale, zein formed stripes, rings and discs with a periodicity characteristic of β-sheet. They indicated that these β-sheets self-assembled into stripes, which curled into rings and that the rings stacked into spheres. However, in this study AFM indicated the glutaraldehyde-treated microparticles were formed from spindle shaped nanoparticles with little change in secondary structure but with a large proportion of β-sheet structure present. It appears unlikely that these structures formed from spheres. Further work is needed in order to understand the kafirin assisted-assembly process at a molecular level, under the different conditions used in this study so that the assisted-assembly process can be further manipulated to enable the formation of different structures. 
